1. Introduction {#s0005}
===============

During the last decades, the 2nd-to-4th digits ratio (2D:4D) has been extensively studied as a putative predictor of a prenatal exposure to sex hormones in humans \[[@bb0005], [@bb0010], [@bb0015], [@bb0020]\]. Sexual dimorphism of digit ratios is found across a majority of vertebrates starting from amphibians \[[@bb0025],[@bb0030]\], although it is not unidirectional in all species \[[@bb0035],[@bb0040]\]. For many human populations, the 2D:4D has been reported to be sexually dimorphic (with higher values in women) \[[@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]\], which occurs as early as at the 9th week of gestation \[[@bb0070],[@bb0075]\]. The Leydig cells, which are responsible for production of testosterone (T), start functioning in human male fetuses from the 8th week of gestation \[[@bb0080]\], suggesting that an increase in T concentration during early prenatal development can be associated with sex-specific digit morphogenesis. Part of the mechanisms underlying an impact of prenatal androgen/estrogen exposure on the formation of differences in the 2nd and 4th digit lengths has already been experimentally revealed in mice \[[@bb0085]\]. This, along with studies linking the development of digits and gonads \[[@bb0090]\], and with androgen receptor sensitivity \[[@bb0095]\], suggests 2D:4D to be a fine potential predictor of exposure to sex hormones *in utero*. The role of the 2D:4D as a marker is also supported by numerous studies reporting its association with sex-specific morphology and behavior in humans \[[@bb0050],[@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0125], [@bb0130]\] (although see \[27--29\] for criticism).

Human facial morphology is also subjected to considerable sex differences, with men on average having more robust faces: a relatively lower forehead, an (at least slightly) higher facial width-to-height ratio (fWHR), and larger lower face \[[@bb0115],[@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. One of the reasons for this is also the exposure to gonadal hormones \[[@bb0115],[@bb0130],[@bb0185], [@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210]\].

Surprisingly, research on the 2D:4D ratio in combination with facial morphology are very rare. Few comprehensive studies, linking digit ratio and full facial shapes among representatives of European populations \[[@bb0115],[@bb0130],[@bb0215]\], have demonstrated that a low 2D:4D (a typically male trait) shows association with a set of population-specific male facial features, but with an admixture of some other, unrelated to chromosomal sex, patterns \[[@bb0115]\]. The association between 2D:4D and facial shape was also reported to be especially pronounced in men \[[@bb0115]\]. Another study, also focusing on a full-facial shape analysis among Europeans, has revealed that male-specific facial traits occur in boys even prior to puberty, and are negatively associated with the 2D:4D ratio \[[@bb0125]\].

Sex-specific facial morphology may be subjected to population differences. A number of studies provide evidence that, leastways, such differences occur between European and Asian populations. Primary differences are located in such facial areas as the lower face, which in Europeans tend to demonstrate higher widths in men, and in Asians -- in women \[[@bb0115],[@bb0145],[@bb0160],[@bb0170],[@bb0175],[@bb0220],[@bb0225]\], nose, and lip shapes \[[@bb0175],[@bb0220],[@bb0230]\]. Therefore, it is of special interest to explore whether the association between 2D:4D and facial morphology in different populations corresponds to the observed variation in facial sexual dimorphism.

Buryats -- Mongolian people of Southern Siberia -- may be considered as a population of interest for comparison with Europeans. According to the previous studies, sexual dimorphism in facial parameters of Buryats are similar to that reported for other Asian populations (higher relative lower facial width, and thinner upper lips in females), but also has a distinctive feature, such as a lower fWHR in men \[[@bb0220],[@bb0235], [@bb0240], [@bb0245]\]. These facial parameters distinguish representatives of the Buryat population from European subjects, studied earlier with regard to association between 2D:4D ratio and facial shape \[[@bb0110],[@bb0125],[@bb0130],[@bb0215]\]. Assuming that 2D:4D is related to prenatal androgenization, we hypothesized that the expression of more male-specific facial traits in Buryats will be associated with lower digit ratios in both sexes. At the same time, this association is expected to demonstrate a partly reversed pattern compared to Europeans, which is in line with the observed differences in the facial sexual dimorphism patterns. Of course, none of this precludes additional effects of post-pubertal steroid action on the adult sexual dimorphism.

To test this hypothesis, we conducted a study among modern Buryats, investigating association between 2D:4D ratio and full facial shape using geometric morphometrics. This is, to our knowledge, the first study to address this issue in Siberian (and Mongolian) populations.

2. Materials and methods {#s0010}
========================

Participants of our study were 187 Buryats (88 female, 99 male) -- representatives of a Mongolian population living in Southern Siberia (Baikal Lake area). Participants were aged 20 ± 2 years (from 17 to 25 years, with two male outliers, who were 16 and 28 years of age). No significant sex differences in age were observed. All of the participants were residents of Ulan-Ude -- the capital of Buryatia. All of them (with two exceptions) were students of different specialities (natural and social sciences, engineering, and arts) represented in approximately equal proportions. The body mass index of the participants was within the normal range (men: 22.06 ± 2.66 kg/m^2^; women: 21.50 ± 2.48 kg/m^2^; \[[@bb0250],[@bb0255]\]).

The 2nd and 4th digit lengths were measured directly \[[@bb0015],[@bb0110]\] using an electronic caliper with a precision of 0.01 mm. Each participant\'s digits were measured twice, and the mean value of two measurements was used for further analysis. The Intraclass Correlation Coefficient (ICC; \[[@bb0260]\]) between two measurements (two-way mixed model, absolute agreement, single measurement) was 0.99 (p \< 0.001). In the current study, we focused on the right-hand digit ratio, as it has been previously reported to show a stronger relationship with sex-specific traits \[[@bb0015],[@bb0055],[@bb0085],[@bb0265]\]. Only self-reported right-handed participants were selected for the analysis, since they were the majority, and it is known that handedness, as a presumable consequence of specific cerebral lateralization, may be associated with exposure to prenatal sex hormones \[[@bb0270], [@bb0275], [@bb0280], [@bb0285]\]. Therefore, the final sample consisted of 168 individuals (80 women, 88 men). Participants had no congenital or acquired damage to the hand or fingers on the right hand.

The facial morphology was analyzed using geometric morphometrics \[[@bb0290]\] based on standardized facial photographs. Participants had no congenital or acquired facial deformations. Each participant was photographed in full-face, with a neutral facial expression, sitting on a fixed chair, with a natural head position (Frankfort horizontal plane). The camera was positioned at eyes\' height. The distance between camera and participant was 170 cm. Every photograph included a scale bar (in cm). Seventy-one digital landmarks and semi-landmarks \[[@bb0225]\] were placed on each photograph using tpsDig2 2.17 \[[@bb0295]\]. To test for inter-rater agreement, the manual landmark digitization was made by two independent observers on 40 randomly selected photographs (20 male and 20 female faces). According to the ICC estimates (based on single measurement, absolute agreement, two-way mixed-effects model), the inter-observer agreement was almost perfect (ICC = 0.98, p \< 0.001). The method was deemed reliable enough to proceed with manual digitalization of landmarks by one of the observers. The facial configurations were standardized for position, orientation and scale using a Generalized Procrustes superimposition, which was performed iteratively together with the sliding of the semi-landmarks in tpsRelw 1.67 \[[@bb0295]\]. In addition, the facial shape information was symmetrized in Mathematica 11 \[[@bb0300]\]. Thereafter, the facial shape coordinates were regressed upon sex of the participants (male, female) and the 2D:4D ratio using tpsRegr 1.45 \[[@bb0295]\]. To test for statistical significance permutation tests with 10,000 permutations were used \[[@bb0305]\]. Visualization of facial shape differences was realized with thin-plate deformation grids using tpsRegr 1.45 \[[@bb0295]\]. Geometric morphometric morphs\' visualization was conducted by unwarping and averaging the images in tpsSuper 2.04 \[[@bb0225],[@bb0295]\].

3. Results {#s0015}
==========

Within the given age range, there was no significant effect of age on male facial shape variation (var. expl. \< 1%, p = 0.524), and a weak trend was detected only in women (var. expl. 2.43%, p = 0.063). Also there was no association between age and 2D:4D, neither in men (R^2^ \< 0.001, p = 0.968), nor in women (R^2^ \< 0.001, p = 0.889). Female Buryats generally had higher digit ratios on the right hand (0.96 ± 0.03), than male Buryats (0.95 ± 0.03), but the difference was not statistically significant (Student\'s *t*-test: *t* = −0.590, p = 0.556). To test for possible allometric effects, which suggest a negative relationship between 2D:4D and general finger lengths (as well as general hand size) \[[@bb0310], [@bb0315], [@bb0320]\], we have regressed 2D:4D ratio upon mean digits length (sum of the lengths for 2nd and 4th digits divided by two). Linear regression analysis for the whole sample (Beta = 0.029, R^2^ = 0.001, p = 0.705), as well as for men (Beta = 0.033, R^2^ = 0.001, p = 0.762), and women (Beta = 0.118, R^2^ = 0.014, p = 0.298) separately did not reveal any significant associations. Hence, lower 2D:4D ratios in our study were not associated with longer digits, which do not support the allometry hypothesis.

To assess sexual dimorphism in facial shape, we regressed facial shape coordinates upon the sex of participants. A permutation test revealed significant differences in facial shape between right-handed men and women (var. expl. 20%; p \< 0.001). [Fig. 1](#f0005){ref-type="fig"}a displays the average female and male faces with an exaggeration factor of 2.5 (to facilitate visual perception of the observed differences). Next, we regressed the facial shape coordinates upon 2D:4D of the right hand, for men and women separately. In terms of facial shape variation, the permutation test revealed a significant association only for men (N = 88, var. expl. 3%, p = 0.036), whereas 2D:4D did not significantly contribute to female facial variation(N = 80, var. expl. \<1%, p = 0.773). Still, the correlation between facial shape scores and 2D:4D was significant in both sexes (men: r = 0.36, p = 0.0005; women: r = 0.27, p = 0.017), which means that there is a weak, but significant association between facial shape and 2D:4D in both sexes. [Fig. 1](#f0005){ref-type="fig"} displays the effect of the 2D:4D on facial shape within each sex, exaggerated to +/− 5 SD from the male ([Fig. 1](#f0005){ref-type="fig"}b) and the female ([Fig. 1](#f0005){ref-type="fig"}c) averages, respectively. The amount of exaggeration was chosen arbitrarily to facilitate visual perception of shape differences.Fig. 1Sexual dimorphism in the facial shape of right-handed Buryats (a), and facial shape differences associated with the 2D:4D ratio of the right hand, a putative proxy for prenatal androgen exposure, for male (b) and female (c) Buryats.(a) Sex differences are statistically significant (N = 168; var. expl. 20%; p \< 0.001) and exaggerated by a factor of 2.5. (b) Association between facial shape and 2D:4D in men and (c) in women. The average face here is deformed towards ±5 standard deviations of 2D:4D from that mean.Fig. 1

According to the deformation grids displayed in [Fig. 1](#f0005){ref-type="fig"}b, lower 2D:4D ratios (which presumably indicate a high level of prenatal androgenization) in men were associated with male-related facial features ([Fig. 1](#f0005){ref-type="fig"}a), such as a relatively narrower face with larger general height in the vertical plane, a relatively narrower lower face (in the area of the bigonial breadth), and narrower eyes fissures. At the same time higher 2D:4D ratios (low prenatal androgenization) in men were associated with some characteristics typical of women in that population. However, not all of the sex-specific morphometric traits corresponded to the variation in facial shape explained by the 2D:4D ratio in men. Namely, such parameters are the distance between the eyes and eyebrows as well as relative forehead height, which are distinctive features for men and women, but remained unaffected or demonstrated a reverse pattern when seen as a function of 2D:4D ratios. Thus, the main differences associated with 2D:4D are located in the mid- and lower part of the male face (in the craniofacial segment), whereas the area of the frontal bone (including forehead and the eyebrow region) did not show differences in expected direction. In women with higher 2D:4D ratios, the relatively wider spacing of eyebrows and eyes reflect the female pattern, whereas the relatively more massive chin region and lower hairline do not fit the other patterns. The diminutiveness of shape changes even if presented for ±5 SD supports the comparably weak relationship between 2D:4D and facial shape in women.

4. Discussion {#s0020}
=============

Our study demonstrated that 2D:4D ratio, as a putative proxy for prenatal androgen exposure, is associated with male facial morphology, which has also been previously reported for other populations \[[@bb0115],[@bb0125],[@bb0130],[@bb0215]\]. However, a comparison of our results with the results of these studies shows that the pattern of facial sexual dimorphism, and accordingly the shape pattern of the association with 2D:4D differs between populations. Generally narrower faces, elongated in the vertical direction, and particularly a narrower lower facial outline, were characteristic of men (and boys) of European origin with high 2D:4D ratios. This in turn at least partly corresponded to the female-like facial shapes in that population (Europeans). At the same time, low 2D:4D ratios in those studies were characteristic of men with relatively wider faces (especially in the lower face), which corresponds to male-related features in Europeans \[[@bb0115],[@bb0145]\]. Still, in our study of Buryats (Mongolian origin) the pattern was somewhat reversed, which at the same time corresponded to the general direction of facial sexual dimorphism in Buryats ([Fig. 1](#f0005){ref-type="fig"}a). Part of the sex-specific facial traits was not associated with the male 2D:4D pattern both in our study, and in the studies by our colleagues conducted in Europe \[[@bb0115],[@bb0130]\]. This indicates the existence of further mechanisms for sex-specific facial morphogenesis, such as the impact of sex hormone exposure on later stages of ontogenesis (perinatal \[[@bb0185]\], pubertal hormones \[[@bb0210]\]), allometric effects \[[@bb0325]\], genetics \[[@bb0330],[@bb0335]\], and sexual selection \[[@bb0180],[@bb0340], [@bb0345], [@bb0350], [@bb0355]\]) to result in the observable pattern of sexual dimorphism in young adulthood. The lack of association between 2D:4D and some facial regions might cause null results in studies where only some discrete indexes or incomplete facial shapes are considered. We suppose that this could be one of the reasons for null association between 2D:4D and facial shape reported by Whitehouse and colleagues \[[@bb0185]\], who run the analysis based on 21 facial landmarks (and no information on the full-face outline and visible eye shape). With regard to the study by Whitehouse and others it is also important to note, that the lack of association between T concentrations in umbilical cord upon delivery and the 2D:4D ratios, which has been also reported by several studies earlier \[[@bb0360],[@bb0365]\], cannot evidence that 2D:4D is a poor predictor of prenatal androgenization. The reason is that umbilical cord method deals with the level of hormones in the perinatal period, when T is significantly decreased compared to early prenatal levels \[[@bb0370]\]. Whitehouse and colleagues \[[@bb0185]\] obtained relatively large correlation coefficients between perinatal hormone levels and adult facial scores (from a discriminant function analysis of adult sex differences based on a number of facial distances). It remains to be determined whether the perinatal hormonal effects replicate in studies like ours, where facial shape is studied more holistically by preserving the geometry of the morphological structures, and independently of absolute size differences. The lack of a significant association of facial shape variation and 2D:4D in women is in line with the findings of Fink and colleagues \[[@bb0115]\] for European faces. In sum, our results suggest that, if 2D:4D ratios can be considered as a marker of prenatal androgenization, the impact of prenatal hormones can at least partly explain the male-specific morphogenesis characteristic of a particular population. Our findings also indicate that population homogeneity of studied subjects should be strictly enforced in research dealing with androgen exposure and its consequences, to avoid false null or contradictive results.
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